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As an emerging new polymerization technique, controlled/‘‘living’’ radical precipitation
polymerization (CRPP) involves the introduction of controlled/‘‘living’’ radical polymeriza-
tion (CRP) mechanism into the precipitation polymerization system and can be effectively
implemented by simply replacing the initiator normally used in the traditional precipita-
tion polymerization (e.g., azobisisobutyronitrile (AIBN)) with a CRP initiating system. It
combines the advantages of the traditional precipitation polymerization and CRP and
can thus be performed in a controlled manner without need for any surfactant and stabi-
lizer, leading to the precise control over the sizes, compositions, surface functionalities, and
‘‘living’’ groups of the resulting polymer microspheres. Several CRPP approaches have been
developed up to now, including atom transfer radical precipitation polymerization
(ATRPP), iniferter-induced ‘‘living’’ radical precipitation polymerization (ILRPP), and
reversible addition-fragmentation chain transfer (RAFT) precipitation polymerization
(RAFTPP). In this feature article, we provide a detailed overview of these recently devel-
oped CRPP approaches and demonstrate their high versatility in the design and synthesis
of advanced functional polymers such as uniform, highly crosslinked, and ‘‘living’’ func-
tional polymer microspheres and advanced molecularly imprinted polymers (MIPs) includ-
ing MIP microspheres with improved binding properties, water-compatible MIP
microspheres, and MIP microspheres with stimuli-responsive template binding properties
in aqueous media. In addition, some perspectives on this new research area are also
presented.
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Recent years have witnessed considerable interest from
researchers in different disciplines in the uniform cross-
linked spherical polymer particles due to their great poten-
tial in a wide range of materials science applications such
as chromatographic packing materials, colloidal crystals,
spacers in large liquid crystal displays, calibration stan-
dards of various instruments (e.g., electron microscopes,
light scattering devices, and particle size counters), syn-
thetic receptors, immunoassays, cell separation and culti-
vating, controlled drug release vehicles, carriers for
reagents, enzymes and catalysts, and so on [1–5]. Many
polymerization approaches have been developed for this
purpose up to now, which are mostly heterogeneous poly-
merization systems and can be divided into four main
types including emulsion, suspension, dispersion, and pre-
cipitation polymerizations. Among them, precipitation
polymerization has received particular attention because
of its easy operation and no need for any surfactant or sta-
bilizer [6–23].
Precipitation polymerization starts from a homoge-
neous mixture of monomer, initiator, and optional solvent.
During the polymerization process, the growing polymer
chains phase-separate from the continuous medium either
by enthalpic precipitation in the absence of a crosslinker or
by entropic precipitation when crosslinking prevents the
polymer and solvent from freely mixing [12]. So far, several
different kinds of precipitation polymerization approaches
based on the conventional free radical polymerization
mechanism have been developed for the preparation of
uniform crosslinked spherical polymer particles, such as
traditional thermo-induced precipitation polymerization
[6–11,13–16,20,21,23], traditional photoinduced precipita-
tion polymerization [18,19,22], and distillation precipita-
tion polymerization [12,17]. One of the main present
focuses in this rapidly growing ﬁeld is the development
of facile and versatile approaches for the efﬁcient prepara-
tion of uniform crosslinked functional polymer micro-
spheres [5].
Two main strategies have been developed for the above
purpose, where the ﬁrst one involves the direct preparation
of functional polymer microspheres by copolymerizing
monovinyl functional monomers with crosslinkers via pre-
cipitation polymerization [7,11,15,17,22], and the second
one is realized by grafting functional polymer layers onto
the polymer particles prepared by precipitation polymeri-
zation [24–31]. While the ﬁrst strategy usually requires
rather time-consuming optimization of polymerization
parameters for obtaining uniform functional polymer
microspheres, the second one allows the facile grafting of
all the functional monomers onto the surfaces of the
preformed polymer particles, thus leading to their ﬂexible
preparation and more efﬁcient functionalization. Inparticular, the functional polymer brushes-grafting strategy
has proven to be one of the most efﬁcient approaches
for the functionalization of polymer microspheres, which
includes ‘‘grafting to’’ and ‘‘grafting from’’ approaches
[5,32].While the former one is based on the covalent attach-
ment of the preformed functional polymer chains with an
active terminal group to a surface bearing corresponding
reactive functional groups, the later one allows growing
functional polymer chains from the initiating groups on
the substrate surfaces by the surface-initiated polymeriza-
tion of functional monomers. In comparison with the
‘‘grafting to’’ approach, the ‘‘grafting from’’ approach has
the advantage of more easily achieving thick and dense
polymer brushes because the functional monomers can
readily diffuse to the propagating sites of the substrate
surfaces [5]. So far, many ‘‘grafting from’’ approaches based
on different polymerization mechanism have been devel-
oped, such as that based on the conventional free radical
polymerization and those based on the ionic polymerization
and controlled/‘‘living’’ radical polymerization [32].
It is known that although conventional free radical
polymerization has been the most widely used polymeri-
zation approach for both the commercial and lab-scale
production of high molecular weight polymers due to its
applicability to a large number of monomers, mild poly-
merization conditions, and tolerance to many different sol-
vents (such as water) and impurities, it is unfortunately an
uncontrolled polymerization process with the occurrence
of signiﬁcant chain-breaking reactions because of the con-
tinuous initiation, growth and termination of polymer
chains in a probability-based process. The lifetime of the
active radicals is typically in the order of a second, during
which initiation, propagation, and termination take place,
yielding a dead chain with a degree of polymerization
(DP) about 103–104 [33]. Such dead chains are formed at
every instant and accumulated throughout the polymeri-
zation process that may last for hours in many cases. As
a result, polymers with high molecular weights and large
dispersities (Ð values) are generally produced, which are
inappropriate for applications where good control over
the polymer structures is required. In this sense, the poly-
merization methods allowing the precise synthesis of poly-
mers with well-deﬁned molecular structures are highly
desirable.
The living ionic polymerization methods developed in
1950s and 1960s have proven very powerful in preparing
well-deﬁned polymers with predetermined molecular
weights, narrow molecular weight distributions
(approaching Poisson distribution), and desired molecular
structures (e.g., block, graft, and star polymers) [34,35].
These polymerizations take place in a living way and the
termination and transfer reactions are negligible during
the polymerization processes. However, they have to be
performed under extremely strict reaction conditions, such
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reaction systems and rather low reaction temperatures. In
particular, they suffer from the limited number of applica-
ble monomers because the functionalities in the mono-
mers may result in undesirable side reactions. Therefore,
the development of controlled/‘‘living’’ radical polymeriza-
tion technique (CRP), i.e., a free radical polymerization pro-
cedure possessing the characteristics of a living
polymerization process, has been a long-standing dream
for synthetic polymer chemists.
Signiﬁcant progress has been made in the development
of effective CRP approaches in recent years [36–44]. Com-
pared with living ionic polymerizations, CRPs can now of-
fer similar control over the synthetic processes, although
with somehow lower precision. Living polymers with reac-
tive end groups are readily obtained via CRPs, which can be
further extended to yield block polymers and polymers
with other more complicated architectures. In CRPs, the
polymerization degrees of the resulting polymers increase
linearly with the monomer conversions, and they are
determined by the ratio of the monomer and initiator con-
centrations. In addition, the Ð values of the polymers de-
crease with monomer conversions and become often
close to 1. In particular, CRPs can offer great advantages
in terms of their much milder and less restricted reaction
conditions as well as their applicability for a much larger
range of monomers. Nowadays, the most extensively
investigated CRPs include iniferter-induced ‘‘living’’ radical
polymerization [38], nitroxide-mediated polymerization
(NMP) [39], atom transfer radical polymerization (ATRP)
[40,41], and reversible addition-fragmentation chain trans-
fer (RAFT) polymerization [42–44].
The great versatility of CRPs has made the CRP-based
‘‘grafting from’’ techniques the most popular ones in the
preparation of various advanced functional polymer micro-
spheres. In all cases, the presence of CRP-‘‘living’’ groups on
the surfaces of polymer particles is necessary. The spheri-
cal polymer particles prepared by the traditional precipita-
tion polymerization, however, normally do not have such
‘‘living’’ groups, which makes their further surface modiﬁ-
cation necessary to introduce the required ‘‘living’’ groups
prior to their surface functionalization [5,24–27]. Evi-
dently, the development of facile and versatile approaches
for the one-pot preparation of uniform, highly crosslinked,
and ‘‘living’’ polymer beads would permit the more efﬁ-
cient synthesis of advanced functional polymer materials
with improved quality and expanded applications, and it
is thus of great importance.
It has been well established that one of the main advan-
tages of CRPs can offer is that they can provide well-de-
ﬁned polymers with end-capped ‘‘living’’ groups [36–44].
Therefore, it can be anticipated that the introduction of
CRP mechanism into the traditional polymer beads-form-
ing approaches should allow the synthesis of spherical
polymer particles with ‘‘living’’ groups on their surfaces
(i.e., ‘‘living’’ polymer beads). While some un-crosslinked
or lightly crosslinked ‘‘living’’ spherical polymer particles
have been prepared on the basis of the above principle
by applying various CRPs in dispersed polymerization
systems [45–53] (including the preparation of monodis-
perse un-crosslinked or lightly crosslinked polymermicrospheres by two-stage living radical dispersion
polymerizations [46,50]), the preparation of narrow or
monodisperse, highly crosslinked, and ‘‘living’’ polymer
microspheres still remains a signiﬁcant challenge [50].
To overcome the above problem, some controlled/‘‘liv-
ing’’ radical precipitation polymerization (CRPP) ap-
proaches have recently been developed by the
introduction of CRP mechanism into the precipitation poly-
merization system, including atom transfer radical precip-
itation polymerization (ATRPP) [54–58], iniferter-induced
‘‘living’’ radical precipitation polymerization (ILRPP) [59],
and RAFT precipitation polymerization (RAFTPP) [60–67].
So far, they have proven to be facile, general, and highly
efﬁcient approaches for preparing narrow or monodis-
perse, highly crosslinked, and ‘‘living’’ functional polymer
microspheres. In addition, they have also been demon-
strated to be highly versatile for the synthesis of advanced
synthetic receptors with tailor-made recognition sites (i.e.,
molecularly imprinted polymers). In the following parts,
we will present a detailed overview of these recently
developed CRPP approaches and their advances in the
preparation of advanced functional polymers.2. Controlled/‘‘living’’ radical precipitation
polymerization (CRPP) technique
2.1. Atom transfer radical precipitation polymerization
(ATRPP)
Since its ﬁrst discovery in 1995 [68–70], ATRP has
drawn signiﬁcant attention from both academic and indus-
trial communities due to its versatility in the synthesis of
polymers with predictable molecular weights, low disper-
sities and speciﬁc functionalities, the easy availability of
many kinds of initiators and catalysts, and its general
applicability for a wide range of monomers (such as
(meth)acrylates, styrene and its derivatives, 2-/4-vinylpyr-
idine, acrylamides, and so on) [40,41]. In a controlled ATRP
system, a fast, dynamic equilibrium is established between
the dormant species (e.g., alkyl halides) and active species
(radicals), with transition metal complexes acting as
reversible halogen atom transfer reagents (Scheme 1),
which keeps a very low radical concentration in the system
and leads to negligible radical termination and controlled
polymerization [71,72]. So far, many transition metals such
as Cu, Ru, Ni, and Fe, together with various ligands (e.g.,
2,20-bipyridine and its derivatives, N,N,N0,N00,N00-penta-
methyldiethylenetriamine (PMDETA), and tris(2-(dimeth-
ylamino)ethyl)amine (Me6TREN)), have been successfully
utilized to mediate the controlled ATRP, where Cu/ligand
complexes are the most widely used ones. The polymers
prepared via ATRP normally contain a ‘‘living’’ halide
end-group, which allows their further modiﬁcation by
using either standard organic procedures (e.g., nucleophilic
substitution) [73,74] or by their reinitiation with the ATRP
of other monomers [36,37,40,41].
According to their different initiating species used, two
kinds of ATRP processes are available, which are normal
ATRP and reverse ATRP, respectively [40]. The normal ATRP
system generally uses an alkyl halide (or arenesulfonyl
Scheme 1. Mechanism of ATRP.
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lower oxidation state (e.g., Cu(I)/ligand) as the catalyst and
the initiating radicals are directly produced by the reaction
between them. In the reverse ATRP system, a conventional
radical initiator (e.g., AIBN) and a transition metal complex
in its higher oxidation state (e.g., Cu(II)/ligand) are utilized
as the initiating species and catalyst, respectively. The pri-
mary radicals generated by the conventional initiator are
then deactivated by the transition metal complex in its
higher oxidation state in the beginning of the polymeriza-
tion, leading to alkyl halides and transition metal complex
in its lower oxidation state, which can then initiate the
controlled polymerization following the mechanism of
the normal ATRP system. In both systems, the equilibrium
between the dormant species (e.g., alkyl halides) and ac-
tive radicals can be quickly established soon after the poly-
merization starts. Due to the presence of transition metal
complexes in the ATRP systems, the requirement for their
removal from the products and the chemical protection
of the acidic monomers prior to polymerization becomes
a limitation of the ATRP system.
ATRPP involves the introduction of ATRP mechanism
into the precipitation polymerization system, which can
be easily implemented by simply replacing the initiator
normally used in the traditional precipitation polymeriza-
tion (e.g., AIBN) with an ATRP initiating system. Based on
the different ATRP initiating systems used [40], ATRPP
can also be divided into normal and reverse ATRPP sys-
tems. The former one utilizes an initiating system com-Fig. 1. Particle formation mechanism in the traditional precipitation polymeriza
(c) processes.posed of an alkyl halide (or arenesulfonyl halide) and a
transition metal complex formed by a transition metal in
its lower oxidation state and a ligand, whereas an initiating
system including a conventional free radical initiator (e.g.,
AIBN) and a transition metal complex formed by a transi-
tion metal in its higher oxidation state and a ligand is used
in the later case.
According to Stöver and coworkers [8], the particle for-
mation mechanism in the traditional precipitation poly-
merization includes particle nucleation and growth
stages, where the nucleation process occurs by the aggre-
gation of oligomers to form particle nuclei at the beginning
of the polymerization and the subsequent particle growth
process mainly involves the capture of oligomeric radicals
from the reaction medium by their reaction with the resid-
ual vinyl groups on the surfaces of the existing particles
(Fig. 1). Being similar with traditional precipitation poly-
merization, ATRPP should also involve the typical particle
nucleation and growth stages. It starts from a homoge-
neously mixed solution of divinyl crosslinker, monvinyl
functional monomer, initiator, catalyst (copper halide and
a ligand), and a large amount of solvent. When ATRPP is
activated under appropriate reaction conditions, all chains
are quickly initiated and grow simultaneously, leading to
soluble branched oligomers at the beginning of the poly-
merization [75]. As these branched oligomer chains grow
beyond their solubility limit in the reaction medium, they
will precipitate out of the continuous medium and their
subsequent aggregation eventually leads to the formationtion, which involves the particle nucleation (a and b) and particle growth
Fig. 2. Proposed particle formation mechanism in ATRPP, which involves the particle nucleation (a–c) and particle growth (d) processes. Reprinted with
permission from Ref. [56]. Copyright 2011 American Chemical Society.
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ing groups), which then increase their sizes following the
polymerization process.
In accordance with the ATRP mechanism, all the ATRP
initiators (e.g., alkyl halides) in the ATRPP system should
be rapidly transformed into macroinitiators soon after
the polymerization starts, which means that the amount
of newly formed polymer chains in the reaction medium
during the particle growth stage should be negligible. This
is in sharp contrast with the traditional precipitation poly-
merization system, where new oligmers are continuously
generated in the continuous phase due to the presence of
traditional initiating species (e.g., AIBN) in the reaction
medium throughout the polymerization process. There-
fore, the particle growth mechanism in ATRPP should be
considerably different from that of the traditional precipi-
tation polymerization. While the particle growth in the tra-
ditional precipitation polymerization system occurs
mainly by an entropic precipitation mechanism where sol-
uble oligomer radical species are continuously captured
from solution by their reaction with the pendant vinyl
groups on the surfaces of the existing particles
[8,10,11,16], the polymer particles in the ATRPP system
grow only by directly capturing monomers (including both
divinyl crosslinkers and monovinyl functional monomers)
from the reaction solution through the surface-initiated
controlled polymerization process. Therefore, if we use
the grafting concept described in Section 1 and deﬁne the
particle growth mechanism in the traditional precipitation
polymerization as a ‘‘grafting to’’ mechanism, a ‘‘grafting
from’’ growth mechanism should work in ATRPP. Fig. 2
schematically outlines the above proposed particle forma-
tion mechanism in ATRPP. It is apparent that the controlled
characteristics of ATRPP should lead to uniform particle
growth, good control over particle sizes, and uniformly
crosslinked polymer networks [50,75,76]. More impor-
tantly, all the resulting polymer microspheres by ATRPP
should contain active ATRP initiating groups on theirsurfaces, which is of great importance for their further
surface functionalization.
2.2. Iniferter-induced ‘‘living’’ radical precipitation
polymerization (ILRPP)
Ostu and coworkers ﬁrst reported iniferter-induced
‘‘living’’ radical polymerization in 1982 [77], where an inif-
erter was deﬁned as a compound that can concurrently act
as the initiator, transfer agent, and terminator in the radi-
cal polymerization process. The controllability of iniferter-
induced ‘‘living’’ radical polymerization is based on the use
of an iniferter (normally dithiocarbamates) and the result-
ing dynamic equilibrium between the dormant species
(iniferters) 1 and active species (propagating radicals) 2,
with ‘‘stable’’ radicals 3 (dithiocarbamate radicals) acting
as the capping agents for propagating radicals (Scheme 2)
[38].
For a well-controlled ‘‘living’’ radical polymerization, it
requires that 3 should be so stable that they cannot react
with monomers to initiate the polymerization. However,
dithiocarbamate radicals 3 have proven to be capable of
initiating new polymer chains although this process pro-
ceeds very slowly and 3 can normally be considered unre-
active in comparison with the carbon radicals [78].
Moreover, the combination of 2 and 3 has also proven to
be not so fast that many monomers can be inserted into
the polymer chains during every polymer chain dissocia-
tion/association cycle, thus leading to polymers with rela-
tively broad molecular weight distributions. In this sense,
iniferter-induced ‘‘living’’ radical polymerization is not a
well-controlled polymerization technique. Nevertheless,
it indeed provides rudimentary characteristics of typical
living systems, such as a linear increase of molecular
weight with monomer conversion. In addition, various
functional block, graft, and star polymers have been pre-
pared via this polymerization technique, though with rela-
tively broad molecular weight distributions.
Scheme 2. Mechanism of iniferter-induced ‘‘living’’ radical polymerization.
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‘‘living’’ radical polymerization mechanism into the precip-
itation polymerization system, which can be implemented
by simply replacing the initiator normally used in the tra-
ditional precipitation polymerization (e.g., AIBN) with an
iniferter (e.g., benzyl dithiocarbamate (BDC)). The versatil-
ity of iniferter-induced ‘‘living’’ radical polymerization al-
lows the ILRPP of a wide range of monomers under
rather mild reaction conditions (e.g., under UV light irradi-
ation at ambient temperature if a photoiniferter is used).
Being similar to both traditional precipitation polymer-
ization and ATRPP, ILRPP should also involve the typical
particle nucleation and growth stages. It starts from a
homogeneously mixed solution of dinvinyl crosslinker,
monvinyl functional monomer (if any), iniferter, and a
large amount of solvent. When ILRPP is activated under
suitable conditions, all chains are quickly initiated and
grow simultaneously, leading to soluble branched oligo-
mers at the beginning of the polymerization. As these
branched oligomer chains grow beyond their solubility
limit in the reaction medium, they will precipitate out of
the continuous medium and their subsequent aggregation
eventually leads to the formation of particle nuclei with
surface-immobilized iniferter groups, which then increase
their sizes following the polymerization process.
According to the iniferter-induced ‘‘living’’ radical poly-
merization mechanism [38], all the iniferters in the ILRPP
system should be rapidly transformed into macroiniferters
soon after the polymerization starts. This, together with
the relatively less reactive characteristics of the dithiocarb-
amyl radical (which can be considered unreactive relative
to the carbon radicals [78], especially at ambient tempera-
ture), suggests that the amount of newly formed polymer
chains in the reaction medium during the particle growth
stage should be negligible. Therefore, the polymer particles
in the ILRPP system should also grow mainly by directly
capturing monomers from the reaction solution through
the surface-initiated ‘‘living’’ polymerization process.
Apparently, the ‘‘living’’ characteristics of ILRPP should
lead to uniform particle growth, good control over particlesizes, and relatively uniformly crosslinked polymer net-
works. In particular, all the resulting polymer micro-
spheres by ILRPP should contain active iniferter groups
on their surfaces, thus allowing their further surface
functionalization.
2.3. RAFT precipitation polymerization (RAFTPP)
RAFT polymerization has now become one of the most
powerful CRPs because of its good control over the poly-
mer structures, its applicability to a wide range of mono-
mers, and the mild reaction conditions [42–44]. It is a
degenerative chain transfer process and is free radical in
nature. Implementing a RAFT polymerization can be as
simple as introducing a suitable chain transfer agent (also
known as RAFT agent, normally thiocarbonylthio com-
pounds) into a conventional free radical polymerization
system. The RAFT agents used have a signiﬁcant effect on
the controllability of the RAFT polymerization and thus
should be carefully chosen for a speciﬁc polymerization
system.
As shown in Scheme 3, RAFT polymerization starts with
a standard initiation step as in the conventional radical
polymerization, where the homolytic bond cleavage of a
normal radical initiator I2 leads to two reactive primary
free radicals I. I then reacts with monomer molecules to
form a propagating polymeric radical Pn, which further
adds to the C@S bond of the initial RAFT agent 1 to yield
a carbon-centered intermediate RAFT radical 2. Fragmenta-
tion of this intermediate gives rise to either the original
reactants (1 and Pn) or a polymeric RAFT compound 3
and a new radical R, which is able to reinitiate polymeri-
zation and can generate its own active center by reacting
with monomer molecules, providing eventually a new
polymeric radical Pm. Ultimately, a rapid equilibrium is
established between the actively growing polymeric radi-
cals (Pm and P

n) and the dormant polymeric RAFT com-
pounds 3, which provides equal probability for all chains
to grow and allows for the production of narrowly dis-
persed polymers with a thiocarbonylthio end group.
Scheme 3. Mechanism of RAFT polymerization.
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polymerization offers the beneﬁt of being able to readily
synthesize well-deﬁned polymers for a wider range of
monomers (almost all monomers suitable for the conven-
tional free radical polymerization) under mild reaction
conditions. Furthermore, it can also be used in all modes
of free radical polymerization such as solution, emulsion,
and suspension polymerizations. Therefore, RAFT polymer-
ization is deemed to have a bright future in both academic
and industrial ﬁelds [79].
RAFTPP was developed by introducing RAFT polymeri-
zation mechanism into the precipitation polymerization
system. It can be easily performed by simply adding an
appropriate chain-transfer agent (or RAFT agent) into the
traditional precipitation polymerization system. In princi-
ple, all the previous traditional precipitation polymeriza-
tion systems can be transformed into RAFTPP systems.
The ‘‘livingness’’ of RAFT polymerization imparts RAFTPP
with living characteristics, which should lead to ‘‘living’’
polymer microspheres with surface-immobilized dithio-
ester groups. Since RAFT polymerization is probably the
most versatile living radical polymerization process [44],
RAFTPP is highly promising for the development of various
well-deﬁned advanced functional polymer materials.3. Application of the CRPP technique in the preparation
of advanced functional polymers
3.1. Preparation of narrow or monodisperse, highly
crosslinked, and ‘‘living’’ polymer microspheres via CRPP
Uniform crosslinked copolymer microspheres with de-
signed surface functionalities are of great interest for
researchers from a wide range of disciplines because they
are highly useful for various applications [5]. However,
precipitation polymerization has proven to be quitesensitive to the functional comonomers added into the
precipitation polymerization system because they might
cause the mismatch of the solubility parameters between
the reaction medium and the formed polymers, which
makes it difﬁcult to obtain uniform functional polymer
microspheres with good spherical shape [17,23]. Many
efforts have been devoted in this respect and some uniform
highly crosslinked copolymer microspheres with incorpo-
rated functional comonomers such as methacrylic acid
[3,17,80], 2-hydroxyethyl methacrylate (HEMA) [7], and
acrylamide (AAm) [15] have been prepared via traditional
free radical precipitation polymerization through thor-
oughly optimizing the polymerization parameters. To
demonstrate the versatility of CRPP approaches, their
applications in the preparation of various functional
copolymer microspheres were also investigated.
Thanks to the rapid progress of the ATRPP technique, it
has now become a facile, general, and highly efﬁcient ap-
proach for the generation of narrow or mondisperse, highly
crosslinked, surface-functionalized, and ‘‘living’’ copolymer
microspheres. Nevertheless, the ﬁrst attempt for exploring
the possibility of preparing such advanced uniform spher-
ical polymer particles by ATRPP was unsuccessful, where
4-vinylpyridine (4-VP), ethylene glycol dimethacrylate
(EGDMA), and acetonitrile were chosen as the functional
monomer, crosslinker, and solvent, respectively [55]. Both
the normal and reverse ATRPP were carried out without
stirring the polymerization systems both in the presence
and in the absence of a template molecule (e.g., bisphenol
A), but the resulting polymer microspheres were rather
polydisperse. Our further efforts revealed that the presence
of stirring in ATRPP is critical for obtaining uniform poly-
mer microspheres [56,57], which is somehow different
from the traditional precipitation polymerization because
uniform highly crosslinked polymer microspheres could
be normally prepared by traditional precipitation polymer-
ization either under gentle agitation [6–11,13–16,18–22]
586 H. Zhang / European Polymer Journal 49 (2013) 579–600or without any stirring [23,80]. In a typical ATRPP process
[56], 4-VP, EGDMA, ethyl 2-chloropropionate, CuCl, PMDE-
TA, and acetonitrile were selected as the monovinyl func-
tional monomer, divinyl crosslinking monomer, initiator,
transition metal salt, ligand, and solvent, respectively,
and the polymerization temperature was set at 60 C. The
results showed that while the polymer particles prepared
in the absence of magnetic stirring (i.e., the stirring rate
was 0 rpm) were rather polydisperse, uniform polymer
microspheres with smooth surfaces were readily obtained
by applying appropriate stirring rates (90–180 rpm) under
the otherwise same conditions (Table 1). The appropriate
stirring signiﬁcantly improved the suspension stability of
the polymer particles in the reaction medium, which
should be responsible for the formation of uniform poly-
mer microspheres.Table 1
Synthetic and characterization data for the polymer microspheres prepared by t
EGDMA under different reaction conditions.a Reprinted with permission from Ref
Entry Stirring rate
(rpm)
Polym time
(h)
EGDMA/FM/Initiator/CuCl/PMDETA
(molar ratio)b
1 0 24 100/25/1.125/1.125/2.25
2 90 24 100/25/1.125/1.125/2.25
3 130 24 100/25/1.125/1.125/2.25
4 130 24 100/25/1.125/1.125/2.25
5 130 24 100/25/1.125/1.125/2.25
6 180 24 100/25/1.125/1.125/2.25
7 230 24 100/25/1.125/1.125/2.25
8 130 24 100/25/1.125/1.125/2.25
9 130 24 100/25/1.125/1.125/2.25
10 130 24 100/25/1.125/1.125/2.25
11 130 24 100/25/1.125/1.125/2.25
12 130 13 100/25/1.125/1.125/2.25
13 130 7 100/25/1.125/1.125/2.25
14 130 24 100/25/1.500/1.125/2.25
15 130 24 100/25/1.406/1.125/2.25
16 130 24 100/25/1.125/1.125/2.25
17 130 24 100/25/0.844/1.125/2.25
18 130 24 100/25/1.125/1.500/3.00
19 130 24 100/25/1.125/1.406/2.81
20 130 24 100/25/1.125/1.125/2.25
21 130 24 100/25/1.125/0.843/1.69
22 130 24 100/25/1.125/1.125/2.25
23 130 24 100/33/1.165/1.165/2.33
24 130 24 100/50/1.250/1.250/2.50
25 130 24 100/100/1.50/1.50/3.00
26 130 24 100/25/1.125/1.125/2.25
27 130 24 100/25/1.125/1.125/2.25
28 130 24 100/25/1.125/1.125/2.25
29 130 2 100/25/1.125/1.125/2.25
30 130 3 100/25/1.125/1.125/2.25
31 130 6 100/25/1.125/1.125/2.25
32 130 12 100/25/1.125/1.125/2.25
33 130 18 100/25/1.125/1.125/2.25
34 130 24 100/25/1.125/1.125/2.25
35 130 24 100/50/1.250/1.250/2.50
36 130 24 100/25/1.125/1.125/2.25
a All the polymerizations were performed at 60 C in acetonitrile. The bold va
b FM refers to the monovinyl functional monomer, which is 4-VP for entries 1–
ethyl 2-chloropropionate.
c The volume of AAm was calculated by dividing its weight to its density.
d Dn and U are the number-average diameter and polydispersity index of the
e CV denotes the coefﬁcient of variation of the polymer particles.In addition to the stirring rate, many other polymeriza-
tion parameters including monomer loading, initiator and
catalyst concentrations, molar ratio of the crosslinker to
monovinyl functional comonomer, and polymerization
scale and time have also proven to show signiﬁcant inﬂu-
ence on the morphologies and yields of the resulting poly-
mer microspheres in the ATRPP system [56]. Narrow or
monodisperse, highly crosslinked, and ‘‘living’’ polymer
microspheres with number-average diameters (Dn) rang-
ing from 0.73 to 3.25 lm and polydispersity indices (U)
being typically lower than 1.01 could be easily obtained
by tuning the reaction conditions (Table 1). Fig. 3 shows
the SEM images of poly(4-VP-co-EGDMA) microspheres
obtained at different polymerization times. It is notewor-
thy that polymer microspheres with rather uniform sizes
(U 6 1.022) were obtained even at the beginning of thehe ATRPP of a monovinyl functional monomer (4-VP, HEMA, or AAm) and
. [56]. Copyright 2011 American Chemical Society.
FMb + EGDMA
(vol.%)
Solvent
(mL)
Yield
(%)
Dn
d
(lm)
Ud CVe
(%)
0.8 30 43 2.40 1.238 26.5
0.8 30 44 2.25 1.004 4.3
0.8 30 45 2.82 1.004 4.1
0.8 30 44 2.82 1.004 4.2
0.8 30 46 2.83 1.004 4.3
0.8 30 48 2.84 1.007 5.4
0.8 30 49 2.90 1.007 5.1
0.6 30 34 1.52 1.009 5.7
0.8 30 45 2.82 1.004 4.1
1.0 30 48 3.19 1.009 5.5
1.2 30 50 2.66 1.205 24.1
1.2 30 34 2.64 1.003 3.5
1.4 30 26 1.86 1.007 4.8
0.8 30 49 3.01 1.004 3.8
0.8 30 47 2.88 1.003 3.6
0.8 30 45 2.82 1.004 4.1
0.8 30 43 2.81 1.018 6.8
0.8 30 51 3.25 1.007 4.8
0.8 30 49 2.85 1.011 5.7
0.8 30 45 2.82 1.004 4.1
0.8 30 33 2.15 1.006 4.6
0.8 30 45 2.82 1.004 4.1
0.8 30 38 2.88 1.003 3.3
0.8 30 35 2.96 1.012 7.0
0.8 30 25 1.90 1.285 31.0
0.8 30 45 2.82 1.004 4.1
0.8 60 38 2.50 1.004 3.8
0.8 120 35 2.38 1.008 5.3
0.8 30 3 0.73 1.022 8.6
0.8 30 5 1.02 1.015 6.9
0.8 30 12 1.55 1.006 4.7
0.8 30 23 2.15 1.006 4.7
0.8 30 35 2.53 1.006 4.3
0.8 30 46 2.83 1.004 4.3
0.65 30 31 1.25 1.024 8.9
0.6c 30 33 2.60 1.005 4.1
lues in the table correspond to the studied polymerization parameters.
34, HEMA for entry 35, and AAm for entry 36, respectively, and initiator is
polymer microspheres, respectively.
Fig. 3. SEM images of poly(4-VP-co-EGDMA) microspheres prepared via ATRPP at 60 C at a polymerization time of 2 (a), 3 (b), 6 (c), 12 (d), 18 (e), and 24 h
(f), respectively (the reaction conditions are listed in entries 29–34 in Table 1). The scale bar corresponds to 2 lm in (a–f). Reprinted with permission from
Ref. [56]. Copyright 2011 American Chemical Society.
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traditional precipitation polymerization systems, where
highly polydisperse uneven polymer particles were pro-
duced at the early stage of the polymerization [19,20,22].
In addition, the sizes of the polymer microspheres in-
creased from 0.73 to 2.83 lmwith increasing the polymer-
ization time from 2 to 24 h. In addition, a very good linear
relationship between the yields and the cubes of Dn of the
polymer microspheres was obtained for the studied sys-
tem, demonstrating that the number of polymer particles
remained constant during the ATRPP process and neither
coagulation nor secondary nucleation occurred after the
nucleation process.
FT-IR was utilized to characterize the incorporated lev-
els of EGDMA and 4-VP in the poly(4-VP-co-EGDMA)
microspheres obtained at different polymerization times
by comparing the peak height for the C@O band from thebonded EGDMA (1730 cm1) with that for the C@N
stretching band (around 1596 cm1) or C@C stretching
band (1454 cm1) from the bonded 4-VP (Fig. 4) [56].
The fraction of incorporated EGDMA relative to the fraction
4-VP in the polymer microspheres proved to decrease with
increasing the polymerization time at the early stage of the
ATRPP process, while it almost leveled off at a polymeriza-
tion time P6 h. These results suggested that a relatively
higher level of EGDMA might be incorporated into the
polymer particles during the nucleation process (in com-
parison with that incorporated during the particle growth
process), while homogeneous grafting of a constant
amount of EGDMA and 4-VP molecules onto the polymer
microspheres took place during most of the particle
growth period, which should lead to the formation of a
uniformly crosslinked network around the polymer nuclei
in the polymer microspheres prepared via ATRPP
Fig. 4. (a) FT-IR spectra of poly(4-VP-co-EGDMA) microspheres prepared
via ATRPP at 60 C at a polymerization time of 2, 3, 6, 12, 18, and 24 h,
respectively (the reaction conditions are listed in entries 29–34 in
Table 1); (b) FT-IR peak height ratio of C@O stretching band from the
bonded EGDMA to C@N or C@C stretching band from the bonded 4-VP
(which refers to the bonded amount of EGDMA relative to that of 4-VP) in
poly(4-VP-co-EGDMA) microspheres prepared via ATRPP at different
polymerization times. Reprinted with permission from Ref. [56]. Copy-
right 2011 American Chemical Society.
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mentally conﬁrm the homogeneity of the crosslinked net-
works of these polymer microspheres.
The general applicability of ATRPP was demonstrated by
preparing uniform, highly crosslinked, and ‘‘living’’ func-
tional copolymer microspheres with incorporated other
functional comonomers (i.e., AAm and HEMA) following a
similar procedure as that used for the preparation of
poly(4-VP-co-EGDMA) microspheres (Fig. 5). No more opti-
mization of the polymerization parameters was applied in
these preparations, which further indicates that ATRPP is
indeed a facile and highly efﬁcient approach to prepare var-
ious uniform surface-functionalized copolymer micro-
spheres. The presence of extra surface-immobilized
functional groups on the polymermicrospheres make them
very useful for many applications. For example, gold-
immobilized polymer microspheres have been prepared
by using the polymer particles with pyridine groups [48].
In addition, the presence of hydroxyl groups on theabove-obtained poly(HEMA-co-EGDMA) microspheres al-
lowed their easy modiﬁcation with ﬂuorescent groups [56].
Compared with those prepared via traditional precipita-
tion polymerization, the most prominent characteristics of
the polymer microspheres prepared via ATRPP is their ‘‘liv-
ingness’’, which allows the facile synthesis of various ad-
vanced polymer microspheres with well-deﬁned surface-
grafted functional polymer layers by their direct polymer
grafting via surface-initiated ATRP under mild reaction
conditions. For example, the surface-initiated ATRP of N-
isopropylacrylamide (NIPAAm) was carried out in isopro-
panol at 25 C for 24 h under the magnetic stirring with
chain-end halide functionalities remaining after ATRPP on
the surface of poly(4-VP-co-EGDMA) microspheres
(Dn = 2.38 lm, U = 1.008, entry 28 in Table 1) as immobi-
lized ATRP initiator and CuCl/CuCl2/Me6TREN as the cata-
lyst. A weight increase of 10% was observed for the
polymer particles after their surface modiﬁcation, indicat-
ing that poly(NIPAAm) (i.e., PNIPAAm) brushes were
grafted onto the polymer particles. SEM characterization
showed that the modiﬁed polymer particles were still sep-
arate microspheres and their Dn and U values were
2.41 lm and 1.005, respectively (Fig. 5). The increase in
Dn value (about 30 nm) for the grafted polymer micro-
spheres in comparison with the ungrafted ones again re-
vealed the successful grafting of PNIPAAm brushes onto
the polymer microspheres via the surface-initiated ATRP.
In addition, the successful grafting of poly(HEMA) (i.e.,
PHEMA) brushes from the ‘‘living’’ poly(4-VP-co-EGDMA)
microspheres was also easily achieved by using surface-
initiated ATRP at ambient temperature (Fig. 5).
In a recent paper, we have developed a facile ambient
temperature ATRPP approach for the efﬁcient one-pot syn-
thesis of narrow or monodisperse, highly crosslinked, and
‘‘living’’ polymer microspheres under mild reaction condi-
tions [57]. The rational use of polar alcoholic solvents in
the ATRPP system allowed the direct ambient temperature
preparation of uniformly crosslinked ‘‘living’’ polymer
microspheres with their number-average diameters Dn
ranging from 0.36 to 1.95 lm and their dispersities U being
typically less than 1.01. The polymerization parameters
(including the monomer loading, polymerization time,
and kind of alcoholic solvent (methanol, ethanol, 1-propa-
nol, 2-propanol, 1-butanol, or 1-pentanol)) also showed
pronounced inﬂuence on the yields and morphologies of
the polymer microspheres, which makes it very convenient
to tailor the particle sizes by tuning the polymerization
conditions. The general applicability of the ambient tem-
perature ATRPP was conﬁrmed by its successful applica-
tion in a range of alcoholic solvents and its synthesis of a
series of uniform copolymer microspheres of different
monovinyl functional monomers (4-VP, glycidyl methacry-
late (GMA), methyl methacrylate (MMA), and HEMA) with
EGDMA (Fig. 6). In addition, the ‘‘livingness’’ of the result-
ing polymer microspheres was veriﬁed by their direct
grafting of hydrophilic polymer brushes via surface-initi-
ated ambient temperature ATRP (Fig. 6), leading to ad-
vanced functional polymer microspheres with
signiﬁcantly improved surface hydrophilicity. In view of
the great environmental and commercial importance of
the ambient temperature polymerization techniques and
Fig. 5. SEM images of poly(HEMA-co-EGDMA) (a, entry 35 in Table 1) and poly(AAm-co-EGDMA) (b, entry 36 in Table 1) prepared via ATRPP at 60 C as well
as those of the PNIPAAm brushes-grafted poly(4-VP-co-EGDMA) (c) and PHEMA brushes-grafted poly(4-VP-co-EGDMA) (d) microspheres prepared via
surface-initiated ATRP of hydrophilic monomers by using poly(4-VP-co-EGDMA) microspheres (entry 28 in Table 1) as the immobilized ATRP initiator. The
scale bar corresponds to 2 lm in (a–d). Reprinted with permission from Ref. [56]. Copyright 2011 American Chemical Society.
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tively non-toxicity and low prices of alcoholic solvents
(e.g., ethanol and 2-propanol), and the high versatility of
surface-initiated ATRP (such as its compatibility to a wide
range of functional monomers and its very mild reaction
conditions) in the controlled modiﬁcation of various sub-
strate materials, the ambient temperature ATRPP tech-
nique is believed to represent a general and promising,
cost-effective, and environment-friendly methodology for
the efﬁcient synthesis of various advanced functional poly-
mer microspheres with a diverse range of application po-
tential in the ﬁeld of materials science. To our
knowledge, this is the ﬁrst successful example of the ambi-
ent temperature synthesis of uniform highly crosslinked
polymer microspheres in the absence of any external poly-
merization-initiating source (i.e., c-ray and UV light).
More recently, we have also successfully prepared uni-
form, highly crosslinked, and ‘‘living’’ functional polymer
microspheres via the reverse ATRPP, which utilized a nor-
mal free radical initiator and a transition metal complex
formed by a transition metal in its higher oxidation state
and a ligand as the initiating system [81].
In analogy to ATRPP, ILRPP has also proven to be a facile
and effective approach for the one-pot synthesis of narrow
or monodisperse, highly crosslinked, and ‘‘living’’ polymer
microspheres [59,82]. A photoiniferter agent benzyl
dithiocarbamate (BDC) was used in the study, which
allowed the ILRPP to be performed under the irradiation
of UV light under mild reaction conditions. The polymeri-
zation parameters such as the monomer loading, iniferterconcentration, and reaction temperature showed consider-
able inﬂuence on the morphologies and yields of the
resulting polymer microspheres, which makes it possible
to control the sizes of the polymer microspheres by simply
tuning the reaction conditions (Fig. 7). The ‘‘livingness’’
of the resulting polymer microspheres was conﬁrmed
by their grafting of hydrophilic polymer brushes via
surface iniferter-induced ‘‘living’’ radical polymerization.
Moreover, the general applicability of the ILRPP was also
demonstrated by the synthesis of uniform functional
copolymer microspheres with different incorporated func-
tional monomers.
Some experimental results similar to those observed in
the ATRPP system were also obtained in the ILRPP system,
which includes: (1) Rather uniform polymer microspheres
(U 6 1.01) were obtained even at the beginning of the
polymerization; (2) A very good linear relationship be-
tween the yields and the cubes of Dn of the polymer micro-
spheres prepared at different times was obtained for the
studied system, demonstrating that the number of poly-
mer particles remained constant during the ILRPP process
and neither coagulation nor secondary nucleation occurred
after the nucleation process; (3) A relatively higher level of
EGDMA was found to be incorporated into the polymer
particles during the nucleation process, while grafting of
a constant amount of EGDMA and 4-VP molecules onto
the polymer microspheres took place during most of the
particle growth period.
The ﬁrst synthesis of highly crosslinked ‘‘living’’ poly-
mer microspheres with surface-immobilized RAFT groups
Fig. 6. SEM images of poly(GMA-co-EGDMA) (a), poly(MMA-co-EGDMA) (b), poly(HEMA-co-EGDMA) (c), and poly(4-VP-co-EGDMA) (d) microspheres
prepared via the ambient temperature ATRPP as well as those of the PHEMA brushes-grafted poly(4-VP-co-EGDMA) (e) and PNIPAAm brushes-grafted
poly(4-VP-co-EGDMA) (f) microspheres prepared via surface-initiated ATRP of hydrophilic monomers by using poly(4-VP-co-EGDMA) microspheres (d) as
the immobilized ATRP initiator. The scale bar corresponds to 1 lm in parts a–f. Reproduced by permission of The Royal Society of Chemistry from Ref. [57].
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However, the quite large coefﬁcient of variation (CV) value
reported for the obtained particles (CV = 29.5%) suggested
that they were quite polydisperse. It is only recently that
narrowly dispersed, highly crosslinked, surface-functional-
ized, and ‘‘living’’ polymer microspheres have been suc-
cessfully prepared via RAFTPP in our group [65–67,83].
The polymerization parameters have also shown signiﬁ-
cant inﬂuence on the morphologies and yields of the poly-
mer microspheres. In addition, the resulting polymer
microspheres could be easily surface-modiﬁed with vari-
ous functional polymer brushes by using the surface-initi-
ated RAFT polymerization, demonstrating their ‘‘living’’
characteristics.
In addition to the normal small organic RAFT agent-
mediated RAFTPP system, a hydrophilic macromolecular
chain transfer agent (macro-CTA)-mediated RAFTPP sys-tem was also developed in our group for the facile, general,
and highly efﬁcient one-pot synthesis of narrowly dis-
persed highly crosslinked polymer microspheres with sur-
face-grafted hydrophilic polymer brushes for the ﬁrst time
(Figs. 8 and 9) [65].
3.2. Preparation of advanced molecularly imprinted polymers
(MIPs) via CRPP
In nature, most biological processes are governed by
molecular recognition events, such as the immuno-re-
sponses between antibodies and antigens and enzyme
catalysis. A challenge for the contemporary chemists is to
develop synthetic receptors with an afﬁnity and speciﬁcity
approaching those achieved in nature. Among various syn-
thetic receptors developed up to now, a new class of artiﬁ-
cial receptors prepared via molecular imprinting
Fig. 7. SEM images of the polymer microspheres prepared via the ILRPP of EGDMA by varying the solvent volume (a: 15 mL, b: 30 mL; reaction
temperature: 26 C, the added iniferter: 27.3 mg), reaction temperature (a: 26 C, c: 37 C; solvent amount: 15 mL, the added iniferter: 27.3 mg), and
iniferter concentration (b: 27.3 mg, d: 40 mg; solvent amount: 30 mL, reaction temperature: 26 C), respectively (the added EGDMA amount in the reaction
systems and UV light were kept constant). The scale bar corresponds to 2 lm in (a–d). Reproduced with permission of Wiley Blackwell from Ref. [59].
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have received rapidly increasing interest in recent years
because of their easy preparation, thermal and chemical
stability, and highly selective recognition capabilities.
Molecular imprinting has proven to be a facile and
straightforward approach for preparing synthetic receptors
with tailor-made recognition sites [84–91]. The molecular
imprinting process typically involves the copolymerization
of a functional monomer and a crosslinking monomer in
the presence of a template molecule and a porogenic sol-
vent. Subsequent removal of the template from the result-
ing crosslinked polymer network generates the binding
sites complementary to the shape, size and functionality
of the template, which are thus speciﬁc towards the tem-
plate used (Fig. 10). The highly appealing physical and
chemical characteristics of the resulting MIPs make them
very promising candidates for many applications, includ-
ing chromatographic stationary-phase, solid-phase extrac-
tion, enzyme mimics, sensors, organic synthesis, drug
delivery, drug development, and biomedicine [84–91].
The ultimate goal of molecular imprinting is to generate
appropriate MIPs that can replace the biological receptors
in real applications.
Traditionally, MIPs are prepared by the conventional
free radical polymerization due to its tolerance for a wide
range of functional groups in the monomers and templates
as well as its mild reaction conditions. However, conven-
tional radical polymerization processes are usually rather
difﬁcult to control with regard to chain propagation and
termination, which normally lead to crosslinked polymerswith heterogeneous network structures [92]. The presence
of heterogeneity within the network structures of the MIPs
could have signiﬁcant impact on the binding sites created
inside them, which might be responsible for some of the
inherent drawbacks of the MIPs such as the broad binding
site heterogeneity and the relatively low afﬁnity and selec-
tivity. Therefore, it can be envisioned that the preparation
of MIPs with homogeneous network structures will be of
signiﬁcant importance for obtaining MIPs with improved
binding properties and for achieving in-depth understand-
ing of the structure–property relationship of the MIPs.
From this viewpoint, CRPs are perfectly suited for this pur-
pose. The negligible chain termination in CRPs and their
thermodynamically controlled processes allow a more
constant rate for the polymer chain growth, leading to
homogeneous polymer networks with a narrow distribu-
tion of the network chain length. Many normal crosslinked
polymers with homogeneous network structures
[75,76,92–94] and advanced MIPs with improved template
binding properties [60,95,96] have been prepared via CRPs.
In the next part, we will mainly focus on the recent pro-
gress in the preparation of advanced MIPs by using the
CRPP technique.
Following our ﬁrst brief reports on the application of
RAFTPP in the molecular imprinting ﬁeld in 2008 [60,61],
a detailed paper relating to this topic was published in
2009 [62]. In these studies, 2,4-dichlorophenoxyacetic acid
(2,4-D)-imprinted polymer microspheres were prepared
via RAFTPP with 4-VP, EGDMA, AIBN, and cumyl dith-
iobenzoate (CDB) as the functional monomer, crosslinker,
Fig. 8. Chemical structures of the utilized RAFT agents (including hydrophilic macro-CTAs and CDB) and the schematic protocol for the one-pot preparation
of water-compatible MIP microspheres via RAFT precipitation polymerization. Reproduced with permission of Wiley-VCH from Ref. [65].
Fig. 9. SEM images of the ungrafted MIP (a)/control polymer (CP) (d) microspheres prepared via small organic RAFT-agent (i.e., CDB)-mediated RAFTPP as
well as those of the MIP (b)/CP (e) microspheres grafted with PNIPAAm brushes (Mn = 11900) and the MIP (c)/CP (f) microspheres grafted with PEG brushes
(Mn = 2000) prepared via RAFTPP mediated by a mixture of a hydrophilic macro-CTA and CDB. The scale bar is 5 lm in the above images. Reproduced with
permission of Wiley-VCH from Ref. [65].
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Fig. 10. Schematic representation of the generation of molecularly imprinted polymers with tailor-made recognition sites: (a) Complex formation; (b)
copolymerization; (c) removal of template; (d) template rebinding.
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ratio of 2,4-D to 4-VP to EGDMA to AIBN to CDB was
1:4:20:0.22:0.45). All the reactions were performed at
60 C for 24 h in a mixture of methanol and water (4/1 v/
v) with its volume percentage larger than 98%. For compar-
ison, traditional radical precipitation polymerization
(TRPP) was also performed to prepare MIP particles follow-
ing a similar procedure as RAFTPP except that CDB was
omitted. RAFTPP provided MIP microspheres with obvious
molecular imprinting effects towards the template, fast
template binding process, and an appreciable selectivity
over structurally related compounds, while only irregular
MIP aggregates were obtained via TRPP under the similar
reaction conditions. The MIP microspheres prepared via
RAFTPP have proven to show improved binding capacity,
larger binding constant and apparent maximum number
for high-afﬁnity sites, and signiﬁcantly higher high-afﬁnity
binding site density in comparison with those prepared via
TRPP, which was believed to be due to the controlled poly-
merization mechanism of RAFTPP, thus leading to in-
creased structural homogeneity and improved stability
and integrity of the binding sites.
As a versatile polymerization technique, RAFTPP has re-
ceived increasing attention in the molecular imprinting
ﬁeld. So far, a number of MIP microspheres for different
templates have been prepared via this technique by others
[97–99]. For example, Chen and coworkers utilized RAFTPP
to prepare atrazine-imprinted polymer microspheres [97].
The resulting uniform spherical MIP particles with rough
surfaces and signiﬁcant amounts of micropores showed
an improvement in imprinting efﬁciency compared with
the MIPs prepared by TRPP, with the maximum binding
capacities of the RAFTPP-MIP and TRPP-MIP being
2.89 mg g1 and 1.53 mg g1, respectively. Furthermore,
the MIPs prepared by RAFTPP were successfully used as so-
lid phase extraction materials for the preconcentration and
selective separation of atrazine in spiked lettuce and corn
samples.
RAFTPP has also proven highly versatile for addressing
the challenging problems in the molecular imprinting ﬁeld
by its combined use with the surface-initiated RAFT poly-
merization approach. It has been well demonstrated that
the presently developed MIPs are normally only organic
solvent-compatible and they mostly fail to show speciﬁc
template bindings in pure aqueous solutions, which
signiﬁcantly limits their practical applications in many
areas such as biotechnology [100], molecularly imprintedsorbent assays [101], and biomimetic sensors [102].
Although some approaches have been developed for pre-
paring MIPs with molecular recognition ability under
aqueous conditions either by using speciﬁcally designed
functional monomers [103], or by applying the conven-
tional imprinting protocol [104], or by adding some hydro-
philic comonomers into the molecular imprinting systems
[105], versatile ones for the preparation of MIPs applicable
in pure aqueous environments are still rare [96].
Recently, we have reported the facile and efﬁcient prep-
aration of pure water-compatible MIP microspheres by the
controlled grafting of ultrathin hydrophilic polymer shells
(including both polymer brushes and hydrogel layers) onto
the ‘‘living’’ MIP microspheres prepared via RAFTPP by
using surface-initiated RAFT polymerization of hydrophilic
functional monomers (Fig. 11) [63,64]. The introduction of
hydrophilic polymer layers onto the MIP microspheres sig-
niﬁcantly improved their surface hydrophilicity and sup-
pressed the hydrophobically driven nonspeciﬁc
interactions between the MIPs and template molecules,
thus leading to MIPs with pure water-compatible template
binding properties. The chain length of the polymer
brushes on the MIP microspheres proved to have a signiﬁ-
cant inﬂuence on their water-compatibility and only those
with enough length could act as an efﬁcient hydrophilic
protective shield for the MIP microspheres under a con-
stant grafting density. The well-controlled nature of RAFT
polymerization and its applicability to a large number of
different hydrophilic functional monomers makes this con-
trolled hydrophilic polymer layer-grafting approach a gen-
eral and promising way to develop advanced water-
compatible MIP materials with broad applications in many
areas such as bioanalytical analysis.
To achieve the controlled synthesis of pure water-com-
patible MIP microspheres in a more efﬁcient way, we have
recently developed a new approach to prepare narrowly
dispersed MIP microspheres with surface-grafted hydro-
philic polymer brushes by the facile one-pot RAFTPP med-
iated by hydrophilic macromolecular chain-transfer agents
(macro-CTAs, Figs. 8 and 9) [65]. The obtained MIP micro-
spheres showed signiﬁcantly enhanced surface hydrophi-
licity and excellent template recognition ability in pure
aqueous solutions. The addition of hydrophilic macro-CTAs
into the molecular imprinting systems proved to have neg-
ligible inﬂuence on the formation of speciﬁc binding sites.
The general applicability of the strategy was conﬁrmed by
the successful generation of pure water-compatible MIPs
Fig. 11. Schematic illustration for the controlled synthesis of MIP microspheres with ultrathin hydrophilic polymer shells (including both PHEMA brushes
and PHEMA hydrogel layer) via RAFT polymerization. Reproduced by permission of The Royal Society of Chemistry from Ref. [64].
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tures and molecular weights. The easy availability of many
different hydrophilic macro-CTAs by either RAFT polymer-
ization of hydrophilic monomers or hydrophilic polymer
end group modiﬁcation, together with the versatility of
RAFTPP for the controlled preparation of MIP micro-
spheres, makes this strategy highly applicable for the facile
and efﬁcient design of hydrophilic and water-compatible
MIPs with enormous potential in such applications as bio-
technology and bioanalytical chemistry.
Another challenging task in the molecular imprinting
ﬁeld is to develop versatile approaches to prepare ad-
vanced intelligent MIPs with stimuli-responsive template
binding properties in aqueous solutions [106]. It is known
that the biological receptors such as enzymes and antibod-
ies not only have outstanding molecular recognition abili-
ties in aqueous environments, but also show high
responsivity towards external stimuli (e.g., temperature).
The presently developed MIPs, however, mostly fail to
show speciﬁc bindings in pure aqueous media and have
difﬁculty to regulate their binding properties mainly be-
cause of their surface hydrophobicity and high crosslinking
characteristics (usually required to stabilize the binding
sites). These drawbacks signiﬁcantly limit the potential of
the MIPs in such applications as intelligent drug delivery,
because only those advanced functional MIPs with water-
compatible and stimuli-responsive template binding prop-
erties can meet their requirements. Many efforts have been
devoted to the development of water-compatible and
stimuli-responsive MIPs in recent years. So far, some MIP
hydrogels with stimuli-responsive template binding prop-
erties in aqueous media have been prepared by adding cer-
tain amounts of special responsive hydrophilic
(co)monomers (e.g., NIPAAm, acrylic acid, or azo mono-
mer) into the molecular imprinting systems and carefullychoosing the types and amounts of the crosslinkers used
[107]. Although simple in principle, this strategy normally
requires rather time-consuming optimization of the MIP
formulations [105], which makes it a challenging task to
prepare multiple stimuli-responsive MIPs. In addition,
their bulk soft hydrogel format, irregular shapes, and rela-
tively large sizes (normally tens of micrometers in diame-
ter after grinding and sieving of the bulk MIP hydrogels)
are inappropriate for such applications as smart binding
assays and drug delivery because the best physical format
for such applications is spherical beads [108,109]. Further-
more, the binding sites inside the MIP particles with rela-
tively large sizes are inaccessible, thereby signiﬁcantly
lowering the template loading capacities of the MIP parti-
cles. Therefore, the development of versatile approaches to
obtain water-compatible and stimuli-responsive microme-
ter-sized (or nanoscaled) spherical MIP particles is of
strong interest.
We have recently developed a new and efﬁcient ap-
proach to obtain pure water-compatible and stimuli-
responsive MIP microspheres by the ﬁrst preparation of
‘‘living’’ MIP microspheres via RAFTPP and their subse-
quent surface modiﬁcation by the surface-initiated RAFT
polymerization of NIPAAm (Fig. 12) [63]. The attachment
of hydrophilic and thermo-responsive PNIPAAm brushes
onto the MIP microspheres signiﬁcantly improved their
surface hydrophilicity at ambient temperature and im-
parted stimuli-responsive properties to them, leading to
their pure water-compatible and thermo-responsive tem-
plate binding properties. In comparison with the previous
approach where NIPAAm was added into the molecular
imprinting systems to introduce thermo-responsivity to
the MIPs, our strategy only requires the facile grafting of
thermo-responsive hydrophilic polymer brushes onto
the preformed MIP particles, thus greatly reducing the
Fig. 12. Protocol for the preparation of water-compatible and thermo-responsive MIP microspheres with surface-grafted PNIPAAm brushes via RAFT
polymerization. Reproduced with permission of Elsevier from Ref. [63].
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ing the efﬁcient synthesis of pure water-compatible and
stimuli-responsive MIP microspheres.
We have further extended our above-described strategy
to the preparation of narrowly dispersed MIP microspheres
with dual or multiple stimuli-responsive template binding
properties in aqueous media by the combined use of RAF-
TPP and successive surface-initiated RAFT polymerization
[66,67]. Narrowly dispersed ‘‘living’’ core polymer micro-
spheres with surface-immobilized dithioester groups were
ﬁrst prepared via the RAFTPP of 4-VP and EGDMA, and they
were subsequently grafted with an azobenzene (azo)-
containing MIP layer and thermo-responsive or both ther-
mo- and pH-responsive hydrophilic polymer brushes via
the two-step surface-initiated RAFT polymerization
(Fig. 13). The grafting of an azo-containing MIP layer onto
the core polymer beads with a narrow size distribution
allowed the straightforward generation of narrowly
dispersed photoresponsive core–shell MIP microspheres.
In addition, the introduction of hydrophilic and responsive
polymer brushes onto the core–shell photoresponsive MIP
microspheres led to their pure water-compatibility and
additional stimuli-responsive template binding properties.
Such advanced stimuli-responsive MIPs are highly useful
in such applications as environmentally tunable drug
delivery/release systems. Note that this is the ﬁrst report
on the successful synthesis of intelligent MIPs with triple
stimuli-responsive template binding properties [66].
The ﬁrst brief report on the application of ATRPP in the
molecular imprinting ﬁeld was disclosed in 2008 [54], fol-
lowed by a detailed one in 2009 [55]. Both the normal and
reverse ATRPP proved to be capable of providing bisphenol
A (BPA)-imprinted polymer microspheres with obvious
molecular imprinting effect towards the template, fast
template rebinding kinetics, and an appreciable selectivityover structurally related compounds. The unique living
chain propagation mechanism in ATRPP resulted in MIP
microspheres with much larger diameters and signiﬁcantly
higher high-afﬁnity site densities in comparison with the
MIP sub-microspheres prepared via TRPP, thus suggesting
that the application of ATRPP in the molecular imprinting
ﬁeld has great potential to improve the structural homoge-
neity and enhance the template binding properties of the
obtained MIPs. Besides, the general applicability of the
ATRPP approach was also demonstrated by its successful
preparation of 2,4-D-imprinted microspheres.
The ‘‘living’’ characteristics of the MIP microspheres
prepared via ATRPP make them highly useful for the devel-
opment of water-compatible and stimuli-responsive MIPs.
Azo-containing MIP microspheres with both photo- and
thermo-responsive template binding properties in pure
aqueous media could be readily obtained by the ﬁrst syn-
thesis of ‘‘living’’ azo-containing MIP microspheres with
surface-immobilized alkyl halide groups via ATRPP and
their subsequent modiﬁcation via surface-initiated ATRP
of NIPAAm (Fig. 14) [58]. The grafting of PNIPAAm brushes
onto the azo-containing MIP microspheres signiﬁcantly
improved their surface hydrophilicity at ambient tempera-
ture and imparted thermo-responsive properties to them,
leading to their pure water-compatible and thermo-
responsive template binding properties. In addition, the
binding afﬁnity of the imprinted sites in the grafted azo-
containing MIP microspheres was found to be photore-
sponsive towards the template in pure water, and this pho-
toregulation process proved to be highly repeatable under
photoswitching conditions.
The year 2010 saw the birth of the new polymerization
technique ILRPP and its ﬁrst application in the molecular
imprinting ﬁeld [59]. ILRPP proved to be a highly efﬁcient
approach for providing both narrowly dispersed normal
Fig. 13. Schematic protocol for the preparation of narrowly dispersed water-compatible MIP microspheres with photo-, thermo-, and pH-responsive
template binding properties by successive RAFT polymerization. Reproduced by permission of The Royal Society of Chemistry from Ref. [66].
Fig. 14. Schematic protocol for the synthesis of azo-containing MIP microspheres with both photo- and thermo-responsive template binding properties in
aqueous media by ATRP. Reprinted with permission from Ref. [58]. Copyright 2012 American Chemical Society.
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molecular imprinting effects towards the template, fast
template rebinding kinetics, and appreciable selectivity
over structurally related compounds. More importantly,
this new polymerization technique was found to be highly
useful for the facile synthesis of ‘‘living’’ functional poly-
mer/MIP microspheres with reactive iniferter groups on
their surfaces, which was conﬁrmed by their easy surface
modiﬁcation via the surface-initiated iniferter polymeriza-
tion of NIPAAm, leading to grafted polymer microspheres
with enhanced dispersion stability in water at ambient
temperature. Furthermore, the general applicability of
ILRPP in molecular imprinting was also demonstrated by
its successful preparation of MIP microspheres with differ-
ent templates (e.g., 2,4-D and 2-chloromandelic acid).4. Summary and outlook
This article presents a detailed overview of the research
activity in the ﬁeld of CRPP. Several versatile CRPP ap-
proaches have been developed by simply introducing dif-
ferent CRP mechanisms into the precipitation
polymerization system, such as ATRPP, ILRPP, and RAFTPP.
In sharp contrast with the traditional precipitation poly-
merization approaches based on the conventional free rad-
ical polymerization mechanism, the CRPP methods are
thermodynamically controlled and ‘‘living’’ systems, which
make their particle formation mechanism rather different
from that of the traditional precipitation polymerization.
So far, CRPP approaches have been successfully utilized
for the synthesis of many advanced functional polymers
including narrow or monodisperse, highly crosslinked,
and ‘‘living’’ functional polymer microspheres as well as
advanced MIPs (i.e., MIP microspheres with improved
binding properties, water-compatible MIP microspheres,
and MIP microspheres with stimuli-responsive template
binding properties in aqueous media).
Despite such encouraging advances made in this new
research area, it is important to emphasize here that every
CRPP approach has its own advantages and limitations and
a better understanding of this point is of great importance
for the rational application of CRPP in designing advanced
functional polymers: (1) Photoiniferter-induced ‘‘living’’
radical polymerization shows signiﬁcant advantages over
other thermal polymerization processes because it can be
performed at low temperatures, which is favorable for
the template-functional monomer complexation in the
molecular imprinting process and for the polymerization
of heat-sensitive monomers. In addition, it is also compat-
ible with most molecular imprinting systems. However,
the iniferter-induced polymerization is less controlled in
comparison with other CRPs such as ATRP and RAFT poly-
merization, as discussed previously. (2) So far, ATRP has
been the most extensively studied CRP system and it has
proven to be highly versatile in the controlled synthesis
of various well-deﬁned functional polymers with tailor-
made structures. The possibility to perform it at ambient
temperature makes it particular suitable for the normally
used non-covalent molecular imprinting process and for
the polymerization of heat-sensitive monomers. However,the possible deactivation of the metal catalysts in the pres-
ence of large amounts of acidic functional monomers or
templates and the requirement for the complete removal
of the metal catalysts from the ﬁnal products in some spe-
ciﬁc applications (e.g., in drug delivery) might somewhat
limit their broad applications. This issue must be taken
into account prior to the application of ATRPP in the design
of functional polymer materials. (3) RAFT polymerization
has drawn rapidly increasing interest in recent years be-
cause of its simplicity, good controllability, and excellent
compatibility with almost all monomers suitable for con-
ventional free radical polymerization. Therefore, we expect
that RAFTPP will become the most popular CRPP technique
and ﬁnd its broad application in many different ﬁelds.
Since the research ﬁeld of CRPP is still in its infancy,
there is plenty of room for its further development. Firstly,
the homogeneously crosslinked polymer microspheres
prepared via CRPPs represent a new type of advanced func-
tional polymer materials, which not only could have some
enhanced mechanical properties in comparison with those
prepared via TRPP, but also might be an excellent platform
for the fundamental studies of polymer physicists. In addi-
tion, the monodisperse highly crosslinked spherical poly-
mer particles with various surface functionalities or
ultrathin functional polymer layers may ﬁnd their broad
applications in colloidal crystals, biomaterials, separation,
catalysis, and so forth. Secondly, similar to the rapid evolu-
tion of the CRP ﬁeld, where a lot of new methodologies for
each CRP technique are being continually developed, many
more CRPP approaches can be expected by introducing
such new CRP mechanism into the precipitation polymer-
ization system. For example, some more efﬁcient ATRPP
approaches should be obtained by applying the recently
developed ATRP mechanism (e.g., ARGET-ATRP [110]) into
the precipitation polymerization system. Moreover, some
totally new CRPP methods such as the nitroxide-mediated
precipitation polymerization (NMPP) should also be real-
ized by replacing the normal free radical initiator in the
traditional precipitation polymerization system with a
nitroxide compound and choosing suitable polymerization
conditions. Thirdly, the ‘‘living’’ characteristics of the func-
tional polymer microspheres prepared via CRPPs provides
nearly unlimited opportunities for their surface modiﬁca-
tion, thus paving the way for the efﬁcient design and syn-
thesis of a wide range of advanced functional polymer
materials with great potential for various applications.
The above overview and perspectives make us have no
doubt that the recent advent of the CRPP technique has in-
deed opened up a new research area in the ﬁeld of polymer
science. The facile and efﬁcient synthesis of various func-
tional polymer microspheres with tailor-made structures
and advanced properties can now be easily realized by
applying appropriate CRPP approaches and/or correspond-
ing surface-initiated CRPs. In view of the great versatility of
CRPPs and the surface-initiated CRPs in the controlled syn-
thesis of advanced functional polymers with well-deﬁned
architectures under mild reaction conditions, we can ex-
pect that the CRPP technique will deﬁnitely ﬁnd its broad
applications in addressing lots of challenges currently
remaining in many research areas and may eventually be-
come a popular choice of many polymer chemists and
598 H. Zhang / European Polymer Journal 49 (2013) 579–600materials scientists for designing their favorite products in
the laboratories.
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